To evaluate and develop methodologies for the extraction of gel-forming extracellular polymeric substances (EPS), EPS from aerobic granular sludge (AGS) was extracted using six different methods (centrifugation, sonication, ethylenediaminetetraacetic acid (EDTA), formamide with sodium hydroxide (NaOH), formaldehyde with NaOH and sodium carbonate (Na 2 CO 3 ) with heat and constant mixing). AGS was collected from a pilot wastewater treatment reactor. The ionic gel-forming property of the extracted EPS of the six different extraction methods was tested with calcium ions (Ca 2+ ). From the six extraction methods used, only the Na 2 CO 3 extraction could solubilize the hydrogel matrix of AGS. The alginatelike extracellular polymers (ALE) recovered with this method formed ionic gel beads with Ca
Introduction
In recent years the aerobic granular sludge (AGS) process has become a popular biological wastewater treatment process, successfully applied at several full-scale wastewater treatment plants 1 . In contrast to the conventional activated sludge process, in the AGS process the microorganisms form granules instead of flocs 2 . These granules have better settleability, are able to withstand higher organic loading rates, and have higher tolerance to toxicity than activated sludge flocs 3 .
Unlike biofilms, AGS is formed spontaneously without involvement of any carrier material 4 . In AGS, like in biofilms, microorganisms produce a significant amount of highly hydrated extracellular polymeric substances (EPS) 5 to form a hydrogel matrix in which they are self-immobilized [4] [5] [6] . EPS are a complex mixture, consisting of polysaccharides, proteins, nucleic acids, (phospho)lipids, humic substances and some intercellular polymers 5, 7, 8 . These polymeric substances interact with each other through electrostatic forces, hydrogen bonds, attractive ionic forces and/or biochemical reactions, etc. 5 , forming a dense and compact tertiary network structure. The polymers in EPS which are able to form hydrogels 4, 9 and contribute to the formation of the tertiary network structure are in this respect considered as structural EPS, a subset of the total EPS. EPS are responsible for the chemical structure and physical properties of granules 5 . It is therefore crucial to understand the function of each EPS compound. Various approaches are applied to extract EPS . NOTE: Dry the sample overnight at 105 °C. The weight difference of the empty aluminum dish and the aluminum dish containing the dried sample is the TS content. Then burn the same aluminum dish containing the sample at 550 °C for 2 hr. The weight difference between the empty aluminum dish and the aluminum dish containing the burned sample is the ash content. The difference between TS and ash content is the VS content. 3. For each extract, transfer the residual fraction of the dialyzed supernatant to 10 ml glass beakers. Thicken the supernatant for 2 days at 60 °C to a final volume of 1-2 ml to increase the polymer concentration in the supernatant.
Alginate-like Extracellular Polymer (ALE) Extraction
1. Dialyze the extract obtained in step 1.6.8 according to step 1.7.1. 2. Transfer the dialyzed extract into a 250 ml glass beaker. Slowly stir the extraction at 100 rpm and room temperature. Constantly monitor pH changes with a pH electrode, while adding 1 M hydrochloric acid (HCl) to a final pH of 2.2 ± 0.05 to obtain ALE in the acidic form. 3. After adjusting the pH to 2.2, transfer the extract into a 50 ml centrifugation tube and centrifuge at 4,000 × g and 4 °C for 20 min. 4. Discard the supernatant and collect the gel-like pellet. The gel-like pellet is ALE in the acidic form. 5. To obtain the sodium (or potassium) form of ALE, slowly add 0.5 M NaOH (or 0.5 M potassium hydroxide) to the gel obtained in step 2.4, while mixing the gel slowly with a glass stick by hand until pH 8.5 is reached.
Ionic Hydrogel Formation Test
NOTE: In order to check if the extracted EPS had ionic hydrogel formation properties, a bead formation test with Ca 2+ ions was used 25 .
1. After thickening of the extract in step 1.7.3 to a volume of 1-2 ml, slowly stir the mixture with a glass stick and adjust its pH to 8.5 with 0.5 M NaOH. 2. Take the extract of step 3.1 or the sodium ALE of step 2.5 and slowly drip the extract with a Pasteur pipette into a 2.5% (w/v) calcium chloride (CaCl 2 ) solution. NOTE: If the extracted EPS has ionic hydrogel gel forming properties, drop-shaped (spherical) beads will be formed. If the extracted EPS has no ionic hydrogel gel forming properties, the extract will disperse in the CaCl 2 solution.
Stability Test of the Ionic Hydrogel
NOTE: To further understand the role of the ionic EPS hydrogel in AGS structure formation, stability tests were performed on the ionic hydrogel beads of the Na 2 CO 3 extraction, collected in step 3.2. EPS yield with respect to the VS fraction for each method is illustrated in Figure 2 . The yield is presented in mg VS EPS per g initial VS granule . The amount of EPS obtained by formaldehyde + NaOH, formamide + NaOH and Na 2 CO 3 + heat + mixing was higher than that of centrifugation, sonication and EDTA extraction. Similar results for these extraction techniques were also shown by previous studies [11] [12] [13] 15 indicating that alkaline conditions enhance EPS solubility 26, 27 . The amount of EPS recovered by Na 2 CO 3 was the highest, more than 20 times of that obtained only by centrifugation. Additionally, the total EPS yield of the Na 2 CO 3 extraction can be further enhanced by multiple extractions. A second extraction using the pellet discarded in step 1.6.8 (protocol section) of the first extraction increased the total yield by 28%, a quadruple extraction even increased the total yield by 46%. 
Alginate-like extracellular polymer (ALE) extraction
After the pH of the EPS extracted by the Na 2 CO 3 extraction was adjusted to 2.2, 63% of the total VS was precipitated. The precipitate is acidic ALE 25 . The residual fraction was likely EPS which can be solubilized under the extraction conditions, but cannot form a precipitate at pH 2.2.
Ionic hydrogel formation test
Aerobic granules have been described as being similar to a hydrogel. The granulation process has been regarded as a gel-forming phenomenon with glycosides as the gelling agent 4, 9, 25, 28 . Normally, Ca 2+ is one of the most common cations in wastewater. In addition, it easily binds with acidic polysaccharides (e.g., alginates and poly-galacturonic acid), presumably as a counter-ion to mediate gelation 29 . Thus resulting in an ionically cross-linked hydrogel. It was observed that the addition of Ca 2+ ions can accelerate aerobic sludge granulation 30 . Therefore, Ca 2+ -EPS (ionic hydrogel) could play an important role in building up the gel matrix structure in aerobic granular sludge. In this respect, whether the extracted EPS forms an ionic hydrogel with Ca 2+ ions could be used as a test to check if the extracted EPS is a structural polymer contributing to the formation of the gel matrix in aerobic granular sludge 9 .
In this research, for the EPS extracted from AGS (Figure 3a) by various methods, only the EPS extracted by Na 2 CO 3 held the shape of a droplet in 2.5% (w/v) CaCl 2 solution and formed stable ionic hydrogel beads. Moreover, the sodium ALE obtained from this EPS by additional steps (ALE polymer extraction, Figure 3b ) displayed the same property as well. The color and morphology of the Ca 2+ -ALE gel beads (Figure 3c ) are similar to aerobic granular sludge (Figure 3a) . Apparently, the EPS extracted by the Na 2 CO 3 method contributes to the formation of the gel matrix in aerobic granular sludge. ALE, which is a main component of this EPS are structural polymers, able to form an ionic hydrogel.
Stability test of the ionic hydrogel
It was observed that during EPS extraction, aerobic granules kept their spherical shape in EDTA, formaldehyde + NaOH and formamide + NaOH (Figure 1) . In order to understand if the extracted structural polymers play a role in the stability of the granules, Ca 2+ -ALE beads were treated exactly the same way as aerobic granules during the extraction. Interestingly, Ca 2+ -ALE beads displayed the similar stabilities as that of AGS (Figure 3d -3f) , i.e., Ca 2+ -ALE beads were extremely stable in EDTA. There was little amount of ALE detached from the surface of Ca 2+ -ALE beads (tiny brownish floc in Figure 3e and 3f) , when the Ca 2+ -ALE beads had been soaked in formaldehyde + NaOH and formamide + NaOH for three hours, respectively. This similarity in terms of stability between Ca 2+ -ALE beads and aerobic granules indicates that ALE are one part of the important structural polymers forming the AGS gel matrix. 
Discussion

Remarks for the protocol section
The extraction of EPS/ALE is described for a volume of 50 ml and 3 g of granules. These values are intended as guidelines. Extractions with higher granule concentrations can decrease the yield of the extracted EPS. During the extraction of ALE the temperature should be kept constant at 80 °C for 30 min. The time required for the mixture to heat up (around 5 min) is included in the protocol. Furthermore, the extraction efficacy is enhanced by using a magnetic stir bar of the same size as the diameter of the flask bottom. This will result in good mixing properties and milling effects, promoting the extraction of EPS.
Later in the protocol section, TS and VS yields of all extractions (supernatant collected in steps 1.1-1.6) are determined. Dialysis needs to be performed prior to TS and VS measurement to decrease possible errors owing to the presence of chemicals used for extractions. A MWCO of 3,500 Da is recommended to remove these chemicals while retaining the EPS macromolecules within the dialysis bag. The dialysis bag should have a larger volume than the volume of the extract. This is necessary, because the volume of the extract will increase during the dialysis (e.g., for EDTA extraction up to 40% volume increase). The extent of chemical removal by dialysis can be determined by measuring the pH in the sample prior and after dialysis. Alternatively, conductivity measurements of the dialysis water show the extent of ion removal.
To obtain ALE from the total extracted EPS (steps 1.6 and 2) the dialysis step is optional. Nevertheless, dialysis has three benefits: it reduces the amount of HCl needed for the precipitation, it improves the acid mass transfer in the extract and decreases the ash content of the obtained ALE. For the precipitation of ALE it is recommended to use a glass beaker with a much larger volume than the extract. Na 2 CO 3 is normally overdosed in the extraction. The added HCl will first react with the Na 2 CO 3 left in the extract, resulting in carbon dioxide formation and, if the sample was not dialyzed before, in foaming. During the addition of HCl, the extract should be stirred slowly with a magnetic stir bar of the same size as the bottom of the beaker. A stir bar of this size and slow stirring will result in even mixing without breaking the structure of the precipitate. If acidic gel clumps are formed in the extract, the beaker should be swirled slightly by hand. The precipitation is conducted with an acid concentration of 1 M to avoid a large volume increase of the extract while still obtaining a homogeneous distribution of the acid in the sample. Higher acid concentrations can result in a regional pH decrease and acidic gel clumps formation. A pH lower than 2.0 decreases the amount of ALE that can be recovered, probably due to structural changes of the polymers at lower pH. It is therefore important to keep the final pH at 2.20 ± 0.05.
The ALE extraction method aims to extract structural extracellular polymers of the EPS from AGS or biofilms in general and is not intended to extract all present EPS. To extract all EPS, a combination of more than one extraction method is necessary. Moreover, as shown with the increase of the VS EPS yield by applying a double and quadruple extraction, one single extraction will not extract all structural EPS. ALE extraction is a harsh EPS extraction method, combining constant mixing with heat and alkaline conditions. For this reason it is possible that some intracellular material is extracted together with the EPS. Although cell lysis can be caused by physical and chemical extraction techniques (sonication 31, 32 , NaOH 31, 32 , EDTA 11, 32 , CER 32 , heat 32 and high shear rates by mixing 19 ), the presence of intracellular material in recovered EPS still needs to be verified. The ionic gel-forming property of the extracted EPS is the main focus of this research, whether the recovered EPS contains intracellular material was not analyzed. Future research will focus on identifying intracellular material in the extracted EPS.
Solubilizing the hydrogel matrix of AGS is crucial to extract structural EPS EPS forms a dense and compact hydrogel matrix in AGS. Although EPS contains various classes of organic macromolecules such as polysaccharides, proteins, nucleic acids, (phospho)lipids, humic substances and some intercellular polymers 7, 5, 8 , not all of them form a gel. Only those gel-forming polymers are here considered as structural polymers in EPS.
The aim of EPS extractions is to first solubilize EPS and then to collect the solubilized EPS. If the structural EPS (i.e., the EPS forming a hydrogel) is the target of the extraction, the gel matrix of AGS has to be solubilized first. Only methods that can solubilize the gel matrix are capable of extracting structural EPS. In this research, some frequently used EPS extraction methods such as centrifugation [10] [11] [12] [13] [14] [15] , sonication 10, 14, 15 , EDTA [10] [11] [12] 14, 15 , formaldehyde + NaOH [10] [11] [12] [13] [14] [15] and formamide + NaOH 13 could not efficiently isolate the structural EPS. This is due to the fact that the hydrogel matrix of the aerobic granules was not solubilized by these methods. For this reason, stability tests in section 4 were only performed with conditions present in EDTA, formamide + NaOH and formaldehyde + NaOH extraction. These three extractions were not capable of isolating structural EPS, but still obtained the highest VS EPS yield besides the Na 2 CO 3 extraction. Conditions of the Na 2 CO 3 extraction were not applied as this extraction method clearly solubilized the AGS matrix. Hence the applied conditions during the stability test were considered representative.
Extraction with cation exchange resin (CER), another frequently used EPS extraction method, was not considered for this comparison, as previous studies on EPS extraction with CER did not yield better results than the chemical extractions used here.
Gel-forming EPS in AGS
Gel-forming EPS are considered as the structural EPS in the hydrogel matrix of AGS. It is worth pointing out that there are various kinds of hydrogels such as ionic gels, temperature-induced gels and pH induced gels. This study only focuses on EPS that form ionic gels. Regarding the large fraction of structural gel material extracted, this is likely to be the dominant structural EPS. There are certainly possibilities that other kinds of EPS that form different kinds of hydrogels (e.g., pH induced gel 28 ) exist in the same or other type of aerobic granules. Nevertheless, no matter what kind of hydrogel is targeted, solubilizing the EPS gel matrix is the most important step to extract gel-forming EPS.
Currently, little research has been done on structural EPS of granular sludge. The ALE extraction described in this protocol is capable of extracting gel-forming EPS from AGS and will be used in future studies to characterize structural EPS. More research needs to be done on AGS, structural EPS and non-structural EPS to better understand the process and function of granulation and EPS. Especially the following three points need to be investigated: why microorganisms produce such a large amount of EPS, what is the exact composition of EPS and how is the composition of EPS modified depending on environmental changes. Detecting and analyzing all involved compounds and their interactions will help to understand biofilms and how to use them to our advantage.
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